Superelasticity of Ti-16 at%Nb-4.8 at%Sn alloy consisting of non-(or minimal-) cytotoxic elements was investigated for biomedical applications as functions of deformation temperature and aging heat treatment after quenching. As-quenched Ti-16Nb-4.8Sn having A f (the reverse martensitic transformation finish temperature) of 266 K exhibits superelasticity at human body temperature (310 K) with an elastic recovery strain of 3.2%. A f decreases with increasing aging temperature in the range of 353 to 423 K or with increasing aging time at 423 K. It is confirmed from TEM observation and Young's modulus measurements that ! transformation occurs on aging at 423 K for 500 h. Stress for inducing martensitic transformation, M , increases with aging. Stress-strain curves showing superelasticity are quite similar to each other when as-quenched or aged samples are deformed at such temperatures that they have the same M . It is concluded that maximum superelastic recovery strain can be obtained at intended temperature, e.g. human body temperature, in Ti-Nb-Sn alloys by aging at relatively low temperatures.
Introduction
Recently, shape memory and superelastic behavior have been reported in many Ni-free Ti alloys, such as Ti-MoAl, 1) Ti-Nb-Sn, 2, 3) Ti-Mo-Ga, 4) Ti-Nb-Al, 5, 6) Ti-Nb 7) and TiNb-Zr-Sn 8) to substitute for TiNi shape memory alloy. These studies originate from allergenic or carcinogenic problems which may be caused when Ni-containing alloys are implanted in the human body. Among the developed alloys, Ti-Nb-Sn alloys are promising because of good biocompatibility and excellent cold workability in contrast to TiNi alloys as well as other TiNb-and TiMo-based alloys. However, TiNbSn alloys have a higher melting temperature than TiNi alloys. Therefore chemical segregation of the constituent elements may occur during solidification of a large ingot. A s shown by Takahashi et al., 2) martensitic transformation temperatures (M s and M f ) and its reverse transformation temperatures (A s and A f ) in TiNbSn alloys are very sensitive to alloy composition in a similar manner to TiNi alloys. Although hot and cold heavy working, followed by heat treatment at elevated temperature, can lead to alloy homogenization, this approach may not be able to achieve the intended composition in a large ingot. In biomedical applications of shape memory or superelastic TiNbSn alloys, it is indispensable to establish to precisely control the transformation temperatures.
The objective of this paper is to examine the superelastic behavior of TiNbSn alloy and to establish alloy composition and heat treatment procedures for superelasticity working at human body temperature for biomedical applications.
Experimental Procedure
Ti-16 at%Nb-(4.0, 4.7, 4.8 and 4.9 at%Sn) alloys were arcmelted in an Ar atmosphere using high purity Ti (99.999 mass%), Nb (99.999 mass%) and Sn (99.999 mass%). Each button has a weight of about 80 g. Since weight changes before and after the arc-melting were less than 50 mg, the alloy compositions will be denoted hereafter by nominal compositions. Oxygen content in the buttons was 100-300 massppm and nitrogen and carbon contents were less than 100 massppm. The arc-melted buttons were homogenized at 1423 K for 24 h and then cold rolled to 1 mm thick plates for Young's modulus measurement and 0.2 mm thick sheets for tensile test without intermediate anneals. Tensile specimens with 20 mm Â 3 mm Â 0:2 mm gage portion and Young's modulus specimens, 50 mm Â 10 mm Â 1 mm, were prepared by electro-discharge machining from the cold rolled plates or sheets, respectively. They were encapsuled in a quartz tube at a vacuum of less than 1 Â 10 À3 Pa, solution treated at 923 K for 30 min and then quenched in ice water. An average grain size obtained was about 15 mm. Some specimens were aged at 333 to 423 K. Microstructures were observed by orientation imaging microscopy (OIM) and transmission electron microscopy (TEM) with constituent phases being identified by X-ray diffraction (XRD) utilizing Cu-K radiation (45 kV/40 mA). Recrystallization textures were measured by the conventional XRD back reflection method.
Martensitic and reverse transformation temperatures were measured by differential scanning calorimetry (DSC). Tensile tests were performed along the rolling direction on Shimadzu AG-IS MO equipped with a chamber in which temperature was automatically controlled below and above room temperature. Tensile strain was directly detected by a CCD camera outside the chamber. Young's modulus was measured in the rolling direction at room temperature by the free resonance vibration method as a function of aging time at 423 K.
Results and Discussion
The composition dependence of the M s and A f temperatures in Ti-16 at%Nb-xat%Sn alloys quenched from 923 K into ice water is shown in Fig. 1 as a function of Sn content x.
Obviously, the temperatures are very sensitive to alloy composition and rapidly decrease with increasing Sn content. The similar tendency has been observed in shape memory TiNi alloys by Miyazaki et al., where the temperatures decrease rapidly with increasing Ni content. 9) According to their results, a large superelastic strain recovery with almost no residual strain was obtained in Ti-Ni alloy at temperatures 25 $ 50 K higher than A f . 9) Our preliminary experiment also exhibited a considerably large recoverable strain at temperatures 40 $ 50 K higher than A f . Referring to the present result in Fig. 1 , therefore, Ti-16 at%Nb-4.8 at%Sn was selected as superelastic alloy exhibiting superelasticity at the human body temperature for biomedical applications. The alloy will be abbreviated to Ti-16Nb-4.8Sn hereafter. Figure 2 shows (a) image quality map obtained by the EBSP analysis and (b) TEM diffraction pattern of Ti-16Nb-4.8Sn quenched from 923 K. Equiaxed fine grains with an average grain size of 15 mm are evolved, Fig. 2(a) . Matsumoto et al. have found that metastable (Ti-35 mass%Nb)-4 mass%Sn alloy undergoes stress-induced martensitic transformation by rolling at ambient temperature and its reverse transformation is completed on heating up to 523 K. 10) They showed that the microstructure after the heat treatment consists of fine elongated grains along the rolling direction with a high density of dislocations. Therefore, the microstructure in Fig. 2(a) indicates recrystallized grains after the reverse transformation. TEM diffraction pattern in Fig. 2(b) displays fundamental bcc reflections with very weak diffuse ! reflections which have been often observed in metastable Ti alloys.
11) XRD analysis indicated that the quenched alloy is composed of a single bcc phase without ! reflections, consistent with the TEM observation. Figure 3 shows stress-strain curves of as-quenched Ti-16Nb-4.8Sn at various deformation temperatures, where loading and un- loading are repeated four times with increasing maximum applied strain to 2, 3, 4 and 5%. Since TiNbSn alloy has been found to undergo thermoelastic martensitic transformation, 2) the deviation from elastic linearity at an initial stage of deformation in the stress-strain curves at temperatures of 253 to 333 K results from stress-induced martensitic transformation, and total strain recovery at a few % applied strain is due to reverse martensitic transformation (superelasticity) and intrinsic elasticity. Superelasticity appears at temperatures from 253 to 333 K. Indeed at the human body temperature 310 K an applied strain of about 3% is almost completely recovered. In contrast, superelasticity disappears at 353 and 373 K and deformation proceeds at a constant flow stress of about 500 MPa at both temperatures. Figure 4 indicates that the stress for inducing the martensitic transformation ( M ) observed in the Ti-16Nb-4.8Sn alloy obeys the Clausius-Clapeyron relationship when data at temperatures above 353 K is excluded. Extrapolation of this data to zero stress indicates that the M s temperature predicted, 244 K, is in good agreement with that determined by the DSC measurements, 238 K. The deviations from the expected linear relationship should be related to slip deformation in preference to the stress-induced martensitic transformation at temperatures above 353 K.
The superelastic strain defined in as-quenched Ti-16Nb-4.8Sn, Fig. 5 , at various temperatures as a function of maximum applied strain when compared to that calculated from the sum of elastic strain and recovery strain by the reverse martensitic transformation in unloading, indicates that strains of 3.2% will be fully recovered at 310 K under a maximum applied strain of 3.5%. Further calculations of the expansion or contraction of lattice planes on transformation from the bcc to orthorhombic 00 transformation 12, 13) in Ti16Nb-4.8Sn utilizing precisely measured lattice constants of and 003) found that the lattice will contract 3.4% in ½100 00 and expand 3.3% in ½010 00 and 0.27% in ½001 00 . Since ½011 is parallel to ½010 00 , the applied stress will induce martensitic transformation most easily if a single crystal of Ti-16Nb-4.8Sn is tensile tested in the ½011 direction and a strain of 3.3% will be recovered by the reverse martensitic transformation on unloading. Since the experimentally determined superelastic strain of 3.2% is found from the stress-strain curve in Fig. 3 to contain an elastic strain of 1.5%, a recovery strain by the reverse martensitic transformation is estimated to be 1.7%. This value is much smaller than that predicted from the single crystal, 3.3%. The present work used polycrystalline specimens with the preferred ½117 recrystallization texture in the rolling direction, Fig. 6 . Kim et al. have reported that the calculated transformation strain from to 00 depends on orientation and alloy composition. 14) According to them, the maximum transformation strain in Ti-22 at%Nb is 4.2% along the ½011 direction and decreases to 2.6% along [117] . It is roughly estimated, therefore, that the transformation strain along ½117 in Ti-16Nb-4.8Sn is about 2% or less, since the maximum transformation strain along ½011 is 3.3% as described above. Thus, the experimentally determined 1.7% recovery strain by the reverse transformation would be consistent with the theoretical prediction, considering the fact that the polycrystalline specimen with the preferred texture is used.
As already mentioned, superelasticity has been observed at the human body temperature using the arc-melted Ti-16Nb-4.8Sn button with a weight of 80 g. Chemical homogeneity at the intended composition was readily attained in such a small button by solution treatment after heavy cold rolling of buttons homogenized at high temperature. On the other hand, the chemical homogeneity at the intended composition for biomedical applications is not as easy achieved in larger commercial ingots in which segregation is apt to occur on solidification. Nevertheless, the chemical homogeneity is essential for successful application within the human body, since the transformation temperatures M s and A f are very sensitive to alloy composition as shown in Fig. 1 . If the transformation temperatures can be changed by aging after solution treatment, the superelasticity at the human body temperature will be adjusted by aging even for sheets or wires prepared from a large ingot. Recently, we have found that DSC curves on heating and cooling are remarkably affected by maximum heating temperature after quenching when conventional heating and cooling rates are adopted. That is, when heating temperature after quenching exceeded 423 K, a subsequent DSC curve on cooling was changed significantly. Then, aging effect on the transformation temperatures was examined by DSC measurements. Figure 7 shows DSC heating curves at various aging temperatures between 333 and 423 K with A f indicated by an arrow. The samples had been quenched after solution treatment prior to aging in a DSC furnace for 30 min, after which they were cooled to 173 K to complete martensitic transformation and reheated. A s seen A f is not changed by aging at 333 K, while A f decreases with aging at and above 353 K. Further studies in Fig. 8 show that A f decreases with increasing aging time at 423 K. These observations suggest that some changes have occurred in the parent phase during aging at these relatively low aging temperatures. Figure 9 illustrates the influence of aging time at 423 K on the stress-strain curve behavior of Ti-16Nb-4.8Sn at 296 K. Superelasticity appears after aging for 0, 5, 30 min and 1 h, disappearing after aging for 24 and 168 h. M after aging at 423 K for 5 and 30 min is plotted in Fig. 10 against deformation temperature along with M in Fig. 4 for asquenched alloy. It can be seen that the Clausius-Clapeyron relationship holds true in the aged alloys and M s determined from the extrapolation of straight lines to zero stress decreases with increasing aging time. Furthermore, M increases with increasing aging time. Figure 11 shows tensile stress-strain curves for Ti-16Nb-4.8Sn (a) tested at 296 K after quenching, (b) tested at 273 K after aging at 423 K for 5 min and (c) tested at 253 K after aging at 423 K for 30 min, where the aging time and deformation temperature were selected so that M values for (a), (b) and (c) are almost the same, 220 MPa. Interestingly, the stress-strain curves in Fig. 11 are quite similar to each other, implying that the similar superelastic behavior can be obtained at lower temperature by low temperature aging. In other words the maximum superelastic strain at the human body temperature can be achieved by optimizing aging conditions, even though as-quenched alloy exhibits a large superelastic strain at temperature higher than the human body temperature. Accordingly, when chemical composition in a large ingot deviates from the intended composition after casting followed by homogenization, aging heat treatment allows us to precisely adjust A f for a maximum superelastic recovery strain.
TEM observations were carried out to investigate some changes occurring during aging at 423 K. Unfortunately, no significant change in diffuse ! reflections was observed in diffraction patterns after aging at 423 K for 24 h, although superelasticity disappeared, Fig. 9(e) . Since Young's modulus has been known to be very sensitive to the decomposition of metastable phase in Ti alloys, it was measured as a function of aging time at 423 K. The obtained result is shown in Fig. 12 . It is obvious that Young's modulus increases gradually even at the initial stage of aging. TEM observation was again carried out after more prolonged aging. Figure 13 shows ½110 electron diffraction pattern after aging at 423 K for 500 h. One can see clearly ! reflections in addition to bcc fundamental reflections in contrast to the diffraction pattern of as-quenched alloy, Fig. 2 . This observation is in good agreement with the recent experimental results reported by the present authors that both athermal and isothermal ! precipitations increase Young's modulus in metastable Ti alloys. 15, 16) Here, it should be noted that aging at 423 K decreases M s , Fig. 10 . The decrease in M s strongly suggests that the decomposition of phase takes place during aging, that is, the solute content in the phase matrix will be enriched and thereby the transformation temperatures will be decreased. Indeed, Takahashi perature, i.e. quench rate.
3) Therefore, it is suggested from these results that the prevention of martensitic transformation by the preference of competitive ! transformation depends on the amount of ! phase precipitates. That is, with increasing aging time to enhance ! transformation M s gradually decreases and prolonged aging completely suppresses martensitic transformation even on cooling down to very low temperature.
As-described above, the transformation temperatures can be adjusted by controlling aging conditions at low temperatures. The precise adjustment of A f by heat treatment is industrially utilized in TiNi shape memory alloys. 19) The transformation temperatures in the TiNi alloys are increased by aging at temperatures from 839 to 948 K, in contrast to this work. The increase was found to result from the formation of solute-lean matrix through precipitation of Ni-rich intermetallic compounds, Ti 3 Ni 4 or Ti 11 Ni 14 , which is different from the formation of solute-rich matrix through ! precipitation in this work.
Finally, it should be commented why ! precipitation occurs during aging at such low temperature, 423 K. The anomalously enhanced diffusion in the bcc lattice at low temperatures has been extensively studied and explained in terms of diffusion along short circuiting paths, such as dislocations and grain boundaries as well as diffusion associated with excess vacancies. 20) However, the present bulk samples with 1 mm in thickness for Young's modulus measurements were recrystallized during the solution treatment before quenching and the recrystallized grains with an average grain size of 15 mm contained a very low density of dislocations. Therefore, the fast diffusion mechanisms related to dislocations and grain boundaries can be ruled out. In addition, the vacancy-impurity association model 21) is inapplicable to the anomalous diffusion, since a recent study on positron annihilation has revealed that a concentration of quenched-in vacancies is negligibly small in TiNbSn alloy. 22) It is interesting to note that isothermal ! phase forms even at room temperature for prolonged aging. Fan 23) has experimentally observed that to ! transformation in a rapidly solidified Ti-6Al-4V alloy occurs in the phase during aging at room temperature for 1 year. He used thin foils for the aging experiment, and hence ! transformation would be enhanced by surface diffusion. Later, Fan and Miodownik 24) investigated microstructural evolution in rapidly solidified and consolidated Ti-7.5Mn-0.5B alloy and found that both thin foils and bulk samples undergo ! transformation during aging at room temperature for 6 months or 1 year. They showed that the transformation is more significantly accelerated in the thin foils than in the bulk samples. It is evident from these observations that ! transformation in metastable alloys can occur even at room temperature if sufficiently prolonged aging time is employed. As suggested by Sanchez and de Fontaine, 25) diffusion at room temperature in metastable Ti alloys might be enhanced above athermal ! transformation temperature, T ! , even though T ! is below room temperature.
Summary
Superelasticity of Ni-free shape memory alloy based on the Ti-Nb-Sn ternary system was investigated as functions of deformation temperature, strain cycling and aging heat treatment. The obtained results are summarized as follows.
(1) Ti-16 at%Nb-4.8 at%Sn is selected to be superelastic alloy working at human body temperature (310 K), from the measured composition dependence of A f . (5) ! precipitation occurs by aging at 423 K, which increases stress for inducing martensitic transformation and Young's modulus.
